Two experiments were conducted to determine the effect of dietary linoleic to linolenic acid (LO:LN) ratio and dl-a-tocopheryl acetate (TA) supplementation on selected characteristics of the liver and cerebellum and on vitamin E status of turkey poults from hatch through 22 d of age. In Experiment 1, 1-d-old poults were fed diets containing no supplemental TA (OE) or 150 IU TA/kg diet (150E). Poults fed the 150E diet had greater (P < 0.001) concentrations of atocopherol (TOC) in the liver and plasma than those fed the OE diet from 7 to 22 d of age. The 150E.diet, however, did not completely overcome the decrease in liver and plasma TOC concentrations observed at these ages. The 150E diet had no effect on poult BW, feed
INTRODUCTION
During the last few years, research from our laboratory has shown that the a-tocopherol (TOC) concentration in liver and plasma of poults declines markedly during the first 2 wk posthatch (Mallarino, 1992; SotoSalanova et al, 1993; Soto-Salanova and Sell, 1995) . Inefficient absorption of fat and fat-soluble nutrients during posthatch development may partly be responsible for the rapid utilization and subsequent decline in vitamin E concentration of plasma and liver with age. The inefficient absorption may be due, at least in part, to a declining enterocyte activity of fatty acid binding protein from hatch to 2 wk of age (Sell et al, 1986) , as well as a declining pancreatic lipase activity until 10 d of age (Escribano et al, 1988; Sell et al, 1991) . But the declining TOC concentration of plasma and liver has been demonstrated to be partly alleviated when poults were fed diets supplemented with 100 IU of dl-atocopheryl acetate (TA)/kg (Soto-Salanova et al, 1993) .
When a compromised vitamin E status is combined with high dietary levels of n-6 fatty acids, chicks are Received for publication October 25, 1995. Accepted for publication February 28, 1996 . 'Journal Paper Number J-16566 of the Iowa Agricultural and Home Economics Experiment Station, Ames, LA 50011. Project Number 3224. 2 To whom correspondence should be addressed. efficiency, or on the weight, protein, lipid, or fatty acid concentrations of the liver. Thiobarbituric acid reactive substances assay of liver and hemolysis assay of red blood cells (RBC) showed that the 150E diet decreased the susceptibility of liver and RBC to in vitro peroxidation at 13 and 22 d of age. In Experiment 2, 1-d-old poults were fed the 0E and 150E diets in a complete factorial arrangement with decreasing ratios of LO:LN (10, 5, and 1). Dietary LO:LN ratio had no effect on RBC hemolysis or cerebellum TOC concentration. As the ratio of LO:LN decreased, the arachidonic acid content of liver and cerebellum lipids decreased. Ratios of n-6 to n-3 fatty acids in liver and cerebellum were directly related to dietary LO:LN at 13 and 22 d of age.
1996 Poultry Science 75:881-890 more susceptible to the neurological disorder nutritional encephalomalacia (NE) (Dam et al, 1958; Century and Horwitt, 1959; Gordon, 1960, 1962; Budowski, 1980; Budowski et al, 1987; Vericel et al, 1991) . However, when 8% dietary linseed oil is fed, symptoms of NE are virtually nonexistent (Budowski, 1980; Budowski et al, 1987; Vericel et al, 1991) . Researchers have suggested that this reduced incidence of NE occurs when increased dietary levels of n-3 fatty acids are fed because of a reduced incorporation of arachidonic acid into membrane phospholipids (and subsequent synthesis of arachidonic acid-derived eicosanoids), an increased incorporation and synthesis of long chain n-3 fatty acids, and an attenuated function of n-3 fatty acid-derived eicosanoids. The objective of the research reported here was to determine the influence of dietary TA concentration and dietary linoleic to linolenic acid ratio (LO:LN) on vitamin E status and fatty acid composition of liver and cerebellum of young turkeys.
MATERIALS AND METHODS
Two experiments were conducted using male turkey poults obtained from a commercial hatchery at 1 d of age. Pens of poults were housed in electrically heated brooder batteries with raised wire floors.
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Experiment 1
Twenty-two poults were placed in each of eight pens, and pens were randomly assigned to one of two diets (four replicate pens for each diet) containing either 0 (OE) or 150 (150E) IU of supplemental TA/kg of diet. Diets were formulated to meet or exceed the NRC (1984) recommended nutrient concentrations for turkey starter diets, except for the OE diet, which was analyzed to contain 3 IU TOC/kg diet. The ingredient composition and determined analysis of the diets are presented in Table 1 .
Feed and water were provided for ad libitum consumption throughout the 22-d experimental period. Body weight and feed consumption were recorded at 7,13, and 22 d of age.
On Day 1, 10 extra poults were sampled for baseline liver and blood measurements. During the experiment, two poults were randomly selected from each pen at 7,13, and 22 d of age for liver and blood sampling. Blood was collected in heparinized tubes after decapitation of the poults. Liver samples obtained from the two poults within each pen were pooled and immediately frozen in liquid nitrogen. Blood samples were centrifuged and the plasma fraction was frozen. Plasma and liver samples were stored at -20 C until analyzed.
After separation from plasma and rinsing with 0.9% NaCl, the RBC were subjected to a peroxidizing agent, tbutyl hydroperoxide (f-BHP), as a measure of RBC membrane integrity. The RBC hemolysis procedure was a modification of that used by Smith et al. (1988) . For this experiment, 500 /*M f-BHP was used for RBC collected when poults were 1-and 7-d-old, whereas 400 /xM t-BHP was used for RBC from poults 13-and 22-d-old to induce hemolysis. The higher concentration of t-BHP was used to induce hemolysis during the 1st wk because hemolysis was negligible with 400 iiM f-BHP during that period.
Liver lipid peroxidation in vitro was measured by quantifying by-products of peroxidation, primarily malondialdehyde (MDA), through a reaction with thiobarbituric acid. Peroxidation of liver lipids was induced when 30 iiL of a 10% liver homogenate were mixed with 470 /xL of a Tris buffer solution (containing 0.3 mM ascorbic acid, 0.05 mM ferrous sulfate, and pH adjusted to 7.1) and allowed to incubate in a 37 C water bath for 60 min. The modified thiobarbituric acid reactive substances (TBARS) procedure used was based on the nonenzymatic procedure described by Balasubramanian et al. (1988) . Liver protein concentration was determined by the procedure described by Lowry et al. (1951) . Final TBARS results were expressed in nanomoles of MDA equivalents per milligram of liver protein.
Cellular hepatic damage was measured by colorimetric analysis of plasma alanine-aminotransferase/glutamic- pyruvic transaminase (ALT/GPT) via Sigma Diagnostics Kit 503. 3 The ALT/GPT enzyme activity was determined by quantifying the amount of pyruvate produced after incubation with appropriate samples of plasma.
Vitamin E concentration was measured in the diets (for tocopheryl acetate and TOC) and in liver and plasma (for TOC) according to the procedure described by Cort et al. (1983) . Dietary tocopherols were extracted by acetone reflux on a Soxhlet fat extraction unit, rotary evaporated, dissolved in hexane, and filtered before analysis. Tissue and plasma TOC were extracted from the tissue homogenate or from plasma with ethanol-ascorbic acid. The extracted TOC was then dissolved in hexane for analysis. The concentration of each tocopherol isomer was determined by using an HPLC equipped with a fluorometric detector, and a Chromasphere ST60 column (dimensions 25 cm x 4.6 mm internal diameter containing a 60 A-pore diameter and a 5-fim particle diameter) was used for separation of the tocopherol isomers. 4 Three and a half percent tetrahydrofuran (THF) in hexane (HPLC grade) was used as the liquid mobile phase for tissue and plasma analysis and 2.0% THF in hexane was used for analysis of the diets.
Liver lipid was determined on wet tissue according to the procedure of Bligh and Dyer (1959) using chloroform: methanol (2:1) and methanokwater (4:1). After the lipid was extracted from the liver and diets, fatty acids were methylated with methanokbenzene (4:1) and acetyl chloride according to the procedures of Lepage and Roy (1984). Fatty acid methyl esters were dissolved in hexane for use as the liquid phase and analyzed by gas-liquid chromatography (GLC) using a helium-air mixture as the gas phase. Separation of fatty acid methyl esters was done at an isothermic oven temperature of 205 C using a Supelco Omegawax 250 capillary column 5 (dimensions: 30 m x 0.25 mm internal diameter with a 0.25 /im polyethylene glycol film). Fatty acid analyses were then qualitatively compared with Nu Chek Prep 6 fatty acid methyl ester standard sets 68, 74, and 91.
All data within an age were analyzed statistically by analysis of variance using the General Linear Models procedure of SAS® (SAS Institute, 1985) to determine the main effect of vitamin E supplementation. Regression analyses were done to determine the relationships between plasma TOC concentration and RBC hemolysis, and liver TBARS. Similarly, RBC hemolysis and liver TBARS data were regressed on liver TOC concentration. Correlation coefficients were derived by taking the square root of the r 2 values.
Experiment 2
Twelve poults were placed in each of 24 pens, and each of six dietary treatments were randomly assigned to 4 pens. The diets contained 0 or 150IU supplemental TA/kg (0E and 150E, respectively) in a complete factorial arrangement with decreasing ratios of dietary LO:LN, 10, 5, and 1. The dietary LO:LN ratios were obtained by using different oil and fat blends from food grade sunflower oil, linseed oil, 7 and inedible beef tallow. 8 The dietary concentration of total supplemental fat was kept constant at 4.18%. The determined fatty acid composition of the oils is shown in Table 2 . The ingredient composition and determined analysis of the diets are shown in Table 3 . All diets were formulated to meet or exceed the NRC (1984) recommended nutrient concentrations for turkey starter diets, except for the 0E diets, which contained an average of 5 IU of TOC/kg diet. Body weight and feed consumption data were recorded at 7, 13, and 22 d of age.
On Day 1, 18 extra poults were killed by decapitation for collection of blood, livers, and cerebellums to obtain baseline data. Two poults were randomly selected from each pen at 7,13, and 22 d of age for liver, cerebellum, and blood sampling. Tissue and blood samples were pooled by pen, and tissues were frozen immediately in liquid nitrogen. Tissues and plasma were stored at -20 C until analyzed.
Plasma, liver, cerebellum, and diets were analyzed for TOC as described previously for Experiment 1. Liver lipid concentration was determined, after lyophilization, by ether extraction (AOAC, 1980, Section 7.056). Liver and dietary lipids were extracted, as described for Experiment 1, before fatty acid methyl esterification. Diet, liver, and cerebellum fatty acids were methylated with 14% boron triflouride in methanol according to the procedure described by Metcalfe and Schmitz (1961) . After fatty acid separation by GLC (as described for Experiment 1), fatty acids were qualitatively compared with Nu Chek Prep, Inc.
4 fatty acid methyl ester sets 68 and 91 and Matreya, Inc.
9 fatty acid methyl ester standard set, PUFA 2.
All data within an age were analyzed statistically by two-way analysis of variance using the General Linear Models procedure of SAS® (SAS Institute, 1985) to determine main effects of TA supplementation and LO: LN ratio, and their interaction. Orthogonal contrasts between dietary LO:LN ratios were made when significant effects of the diet were observed. Dietary TA concentration (0 or 150 IU/kg) had no effect on BW, feed to gain ratios, or livability (data not shown). Average BW and feed to gain ratio across treatment groups at 22 d of age were 732 g/poult and 1.24, respectively.
RESULTS

Experiment
Dietary TA had considerable impact on TOC concentrations in plasma and liver (Table 4) . Concentrations of TOC in plasma and liver at 1 d of age were 17.77 /xg/g and 172.2 jjg/g, respectively. By 7 d of age, TOC in both tissues decreased considerably, with the greatest decreases occurring in poults fed the 0E diet. From 7 to 22 d of age, plasma TOC of poults fed the 0E diet continued to decrease to 0.97 pig/mL, whereas that of poults fed the 150E diet increased to 16.22 /*g/mL. Liver TOC decreased in both treatment groups between 7 and 13 d of age and then reached a plateau, with poults fed the 150E diet having the greatest concentration. Data presented in Table 5 show that dietary TA concentrations did not affect liver weight or concentrations of protein, lipid, and fatty acids of livers of 22-d-old poults. The same was true when poults were sampled at 7 and 13 d of age (data not shown); however, susceptibility of liver to in vitro peroxidation was influenced by dietary TA when poults were 13-and 22-d-old (Table 6 ). Production of TBARS (expressed as nmoles of MDA equivalents per milligram of liver protein) at these ages was greater (P < 0.05) for poults fed the 0E than for poults fed the 150E diet.
Red blood cells were resistant to hemolysis when poults were 1-d-old, even when a relatively high concentration of the inducing agent (500 pM t-BHP) was used. This resistance was probably due, in large measure, to a high concentration of TOC in RBC that parallels high concentrations of plasma TOC (Soto-Salanova, 1995) . Plasma TOC at 1 d was 9.11 /xg/mL, a relatively high concentration. At 7 d of age, this in vitro treatment induced 70 to 80% hemolysis of RBC, irrespective of dietary TA concentration. Consequently, the concentration of t-BHP was reduced to 400 y.M for the hemolysis assays with RBC from 13-and 22-d-old poults. Under these conditions, RBC of poults fed the 0E diet were more susceptible (P < 0.001) to hemolysis than were those from poults fed the 150E diet, indicating that 150 IU of TA/kg of diet increased membrane integrity against an in vitro challenge.
Experiment 2
As in Experiment 1, dietary TA concentration did not affect BW, feed to gain ratios, or livability during Experiment 2 (data not shown). The same was true for dietary treatments involving LO:LN ratios. Body weight and feed to gain ratio when poults were 22-d-old, averaged across all treatment groups, were 652 g per poult and 1.3, respectively. No effects of dietary TA or LO:LN ratios were detected for liver weight or lipid concentration of liver, and weights of cerebellums were not affected by dietary treatment at any age (data not shown). Cerebellum weights averaged across dietary treatments were 0.15, (Table 7) . Main effects of dietary TA were consistent at all ages, whereby feeding the 150E diet resulted in notably greater plasma TOC concentrations than did feeding the 0E diet, irrespective of dietary LO:LN ratio. Generally, plasma TOC concentration decreased as LO:LN ratios decreased, resulting in LO:LN main effects (P < 0.05) when poults were 7-and 22-d-old. Also, at 7 d of age, the magnitude of this decrease varied according to dietary TA treatment group, resulting in a TA by LO:LN interaction (P < 0.03). Plasma TOC concentration decreased markedly with age in poults fed the 0E diet. Feeding the 150E diet prevented most of the decline, compared with plasma TOC concentration observed at 1 d of age.
Liver TOC concentration decreased with age, irrespective of dietary treatment (Table 8) , averaging 141.2 Mg/g at 1 d of age and declining to 0.2 to 6.1 Mg/g at 22 d of age, depending on dietary TA concentration and LO:LN ratio. Main effect means show that dietary TA had the greatest impact on liver TOC, especially when poults were 13 and 22 d of age. In the instance of dietary LO:LN ratios, effects were moderate but significant at 13 and 22 d of age, with liver TOC reduced (P < 0.03) for poults fed diets with ratios of 5 or 1 compared with that of poults fed the diet with a ratio of 10. No interactions between dietary TA and LO:LN ratios were observed for liver TOC.
The TOC concentration of the cerebellum was influenced by dietary TA but not by LO:LN ratio (Table 9) . Main effects of dietary TA supplementation were consistent at all ages, whereby feeding the 150E diet resulted in greater cerebellum TOC concentrations than did feeding the 0E diet, irrespective of the dietary LO:LN ratio. Without dietary TA supplementation, cerebellum TOC declined from 2.11 Mg/g at 1 d of age to 0.9 /ig/g at 22 d of age. Dietary LO:LN ratio had no effect on cerebellum TOC and no interactions between dietary TA and LO:LN ratios were observed for cerebellum TOC.
As in Experiment 1, the RBC of the poults fed the 0E diet were more susceptible (P < 0.001) to hemolysis than were those from poults fed the 150E diet (data not shown). When RBC hemolysis was induced with 400 pM f-BHP, hemolysis increased from 58% at 7 d of age to 94% when poults were fed the 0E diet; however, when poults were fed the 150 E diet, RBC hemolysis was 25% or less at 7,13, and 22 d of age. RBC hemolysis was not affected by dietary LO:LN ratios at any age.
The n-3 and n-6 fatty acid content of liver lipids was influenced by dietary LO:LN (Table 10) . Generally, the n-3 fatty acid content increased and the n-6 fatty acid content decreased as the dietary LO:LN ratios decreased, resulting inLO:LN main effects (P ^ 0.05) when poults were 13 (data not shown) and 22 d old. Dietary TA had no affect on liver fatty acid content (data not shown). With the same dietary Ci8 : 2 n-6 concentration, liver n-6 fatty acids were lower in poults fed a LO:LN of 1 (1.4% dietary Ci 8: 3 n -3) than in those fed a LO:LN of 5 (0.3% dietary C 18:3 n _ 3 ). The primary n-6 fatty acid affected by this change in dietary Ci8:3 n-3
was Qo:4 n-6-The Qo:4 n-6 conte nt of the liver was 1.7 times greater for poults fed a dietary LO:LN of 5 than that of poults fed a dietary LO:LN of 1. With a similar dietary Ci8:3 n -3 concentration, liver n-3 fatty acids were lower in poults fed a LO:LN of 10 (2.3% dietary Ci 8: 2 n-6) than in those fed a LO:LN of 5 (1.4% dietary Cis : 2 n-6)-None of the individual n-3 fatty acids were different between poults fed a dietary LO:LN of 10 or 5. But poults LO:LN ratio means in columns with no common superscript differ significantly (P < 0.05). !Means of four pens per treatment, two poults per pen. fed a dietary LO:LN of 5 consistently had a greater content of each n-3 fatty acid than that of poults fed a dietary LO: LN of 10, which resulted in a greater (P < 0.05) total n-3 fatty acid content of liver lipids. No effects of dietary TA or LO:LN ratio were detected for lipid concentrations at any age. Lipid concentration of liver averaged across all treatments was 19.2, 3.6, 2.7, and 3.2% (wet weight basis) at 1, 7, 13, and 22 d of age, respectively. Dietary LO:LN also affected the n-3 and n-6 fatty acid content of cerebellum lipids (Table 11) . When poults were fed the same dietary Ci8:2 n-6 concentration, the n-6 fatty acid content of cerebellum lipids was lower in poults fed a LO:LN of 1 (1.4% dietary Ci 8:3 n . 3 ) than in those fed a LO: LN of 5 (0.3% dietary Cis : 3 n -3)-As in the liver, the primary n-6 fatty acid affected by this change in dietary Ci8:3 n -3 was C20:4 n-6-The Cis : 2 n-6 concentration of the diet had no significant effect on individual n-3 fatty acids. When poults were fed more Ci8 : 3 n -3 m the diet, cerebellum lipids contained a greater n-3 fatty acid content than when poults were fed a dietary LO:LN of 10 or 5 (0.3% dietary Ci8:3 n-3)-Dietary TA had no affect on liver fatty acid content (data not shown).
DISCUSSION
Plasma and liver TOC results are consistent with those reported by Soto-Salanova et al. (1993) in which TOC concentration of these tissues markedly decreased by 5 d after hatch and remained low through 21 d of age. In that study, 100 IU of TA/kg diet partly prevented the decline in liver and plasma TOC concentration. Little research has been done to correlate indices of vitamin E status in the posthatch poult with dietary vitamin E level or with plasma and liver TOC concentrations. Two procedures were used in Experiment 1 to determine the susceptibility of the poult to in vitro oxidative stresses, the RBC hemolysis and TBARS procedures.
In both experiments, RBC hemolysis values were inversely correlated (r > -0.85) with both plasma and liver TOC concentration at 13 and 22 d of age. Cerebellum TOC concentration, in Experiment 2, was also inversely correlated with RBC hemolysis at 22 d (r = -0.91). These results support those of Fuhrmann et al. (1994) who reported that RBC of chicks were susceptible to hemolysis unless at least 22 IU of TA/kg of diet were fed. Brownlee et al. (1977) reported that lipid peroxidation and hemolysis were concurrent events rather than consecutive events in the RBC. Brownlee et al. (1977) also reported that both RBC lipid peroxidation and RBC hemolysis were increased in vitamin E-deficient rats.
In Experiment 1, liver TBARS values were inversely correlated with plasma and liver TOC concentration at 13 and 22 d of age (r > -0.61). Liver TBARS results were similar to those of Combs and Scott (1974) , who reported that at least 30 IU of vitamin E/kg of diet were required to minimize liver TBARS production by hepatic mitochondria of chicks. In another study, Csallany et al. (1988) reported a strong inverse relationship between hepatic vitamin E concentration and the development of TBARS in muscle from 14-wk-old turkeys.
In vitro procedures (RBC hemolysis and TBARS) do not quantify in vivo damage associated with a compromised vitamin E status. For this reason, the plasma ALT/GPT assay was used as an indicator of cellular damage in the liver at 10,13, and 16 d of age. These ages corresponded to the lowest TOC concentration in liver and plasma and greatest RBC hemolysis and TBARS production for poults fed the OE diets. Plasma ALT/GPT activity from Experiment 1 was not consistently related to vitamin E supplementation, in vitro TBARS results, or in vitro RBC hemolysis results (data not shown). Results of Experiment 2 indicate that, the TOC concentration of liver and plasma in young poults can be associated with in vitro oxidative stress assays (RBC hemolysis and TBARS); however, the plasma ALT/GPT activity results show that a compromised vitamin E status of young poults, when measured by the in vitro assays, may not reflect actual tissue damage or metabolic disturbances.
Results of Experiment 2 indicate that a greater Ci8 : 2 n-6 concentration in the diet increased the TOC concentration of liver and plasma. However, dietary LO:LN ratios did not alter the vitamin E status of the poults, as measured by the RBC hemolysis assay or cerebellum TOC.
The greater concentrations of TOC in liver and plasma of poults fed a LO:LN of 10 may have been due in part to the greater TOC concentrations of these diets (12 IU/kg) compared with those of other diets (2 or 3 IU/kg) rather than an effect of the wide LO:LN per se.
Several reports have shown that high levels of dietary a-linolenic acid (Q8:3 n-3) ar e protective against the vitamin E deficiency disease NE in chicks, whereas linoleic acid enhances the disease (Dam et al., 1958; Century and Horwitt, 1959; Gordon, 1960, 1962; Budowski, 1980; Budowski et al, 1987; Vericel et al, 1991) . Budowski et al. (1987) and Vericel et al (1991) proposed that relatively high dietary concentrations of C183 n -3 resulted in this fatty acid competing with Cj8:2 n _6 as a substrate for D6-desaturase activity. Consequently, greater amounts of C20:5 n-3 would be synthesized from Ci8:3 n-3 an d deposited in cell membranes in place of C20:4 n -6/ a metabolite of Cis : 2 n-6-Because of the decrease in membrane C2o : 4 n -6/ an overproduction of certain eicosanoids, which have been incriminated in causing NE, would be less likely.
No overt signs indicative of NE were evident with any dietary treatment at any age in either experiment of the current study. Nutritional encephalomalacia has been reported previously in 6-wk-old poults fed a vitamin E-deficient diet (Jortner et al, 1985) . In that instance, the incidence of NE occurred in poults with a plasma TOC concentration of less than 0.1 jtg/mL. In Experiment 2, NE signs were not present even though at 13 d of age the TOC concentration of plasma was 0.14 jtg/mL in poults fed no supplemental vitamin E and a dietary LO:LN of 1. Symptoms of NE were not present at 22 d of age in poults receiving no supplemental vitamin E along with a dietary LO:LN of 1 or 5 even though their liver TOC concentrations declined to 0.17 and 0.25 Mg/g/ respectively.
The data on liver and cerebellum fatty acid composition suggest that a diet containing a LO:LN of 1 inhibited the conversion of Cis : 2 n-6 to ^20:4 n-6 an< i i ts subsequent incorporation into the cerebellum and liver lipids, which supports the in vitro results of Brenner and Peufflo (1966) and Cook (1978) . Miller et al (1971) also reported that when chicks were fed diets containing 4% safflower oil, 4% menhaden oil, or 2% menhaden and 2% safflower oil, an increasing n-3 fatty acid concentration in the diet suppressed the incorporation of n-6 fatty acids into brain lipids.
In conclusion, the RBC hemolysis assay proved to be the most sensitive indicator of plasma, liver, and cerebellum TOC concentrations in the poult; however, overt signs of a vitamin E deficiency, tissue damage, or impaired growth from a low vitamin E status were not observed. In addition, the fatty acid composition of both liver and cerebellum were altered by changes in the LO: LN of the diet. Long-term impacts of these changes on eicosanoid production and subsequent impacts on growth and health of young turkeys remain to be determined.
